Kaposi's sarcoma-associated herpesvirus (KSHV) is an oncogenic herpesvirus and the cause of Kaposi's sarcoma, primary effusion lymphoma (PEL) and multicentric Castleman's disease. Latently infected B cells are the main reservoir of this virus in vivo, but the nature of the stimuli that lead to its reactivation in B cells is only partially understood. We established stable BJAB cell lines harboring latent KSHV by cell-free infection with recombinant virus carrying a puromycin resistance marker. Our latently infected B cell lines, termed BrK.219, can be reactivated by triggering the B cell receptor (BCR) with antibodies to surface IgM, a stimulus imitating antigen recognition. Using this B cell model system we studied the mechanisms that mediate the reactivation of KSHV in B cells following the stimulation of the BCR and could identify phosphatidylinositol 3-kinase (PI3K) and X-box binding protein 1 (XBP-1) as proteins that play an important role in the BCR-mediated reactivation of latent KSHV.
K
aposi's sarcoma-associated herpesvirus (KSHV), also referred to as human herpesvirus 8 (HHV8), and Epstein-Barr virus (EBV; HHV4) belong to the gammaherpesvirus subfamily and are associated with B cell lymphoproliferative diseases (1, 2) . Although EBV is the causative agent of endemic Burkitt's lymphoma, Hodgkin's lymphoma, and posttransplant lymphoproliferative disorder (3), KSHV causes primary effusion lymphoma (PEL) (4) and multicentric Castleman's disease (5) in addition to Kaposi's sarcoma.
B cells are the main latent reservoir for both viruses in vivo (6, 7) . EBV can transform and immortalize primary B lymphocytes in vitro, which results in the formation of lymphoblastoid cell lines (8) . EBV-infected cell lines, derived directly from patients or generated by in vitro infection of either EBV-negative B cell lines or naive B cells, contributed significantly to the understanding of EBV biology in B cells.
In contrast, B cell lines and primary B cells are poorly permissive to infection by KSHV in vitro (9) (10) (11) . Introduction of the viral DNA via electroporation into a B cell line resulted in latent persistence of KSHV (12) . Only recently, KSHV-and EBV-negative BJAB cells were successfully infected with KSHV via cell-mediated transmission (13) . Latently infected cells could be generated under selection (13, 14) but were poorly permissive to lytic/productive replication after stimulation with valproate, sodium butyrate, or 12-O-tetradecanoyl-phorbol-13-acetate (TPA) (13) . Most of our knowledge on the lytic/productive replication of KSHV in B cells stems from work on PEL cell lines. It is possible to reactivate KSHV in these cells using chemical stimuli such as phorbol esters (e.g., TPA) or histone deacetylase inhibitors (e.g., sodium butyrate) (15) (16) (17) . As for possible physiological trigger(s), reactivation of both KSHV in PEL cell lines and EBV in the EBV-positive nasopharyngeal carcinoma cell line HONE-1 and lymphoblastoid cell lines have been shown to be induced by the active form of the transcription factor X-box binding protein 1 (XBP-1) (18) (19) (20) (21) . XBP-1 is a key regulator of unfolded protein response (UPR) and is also essential for the terminal differentiation of B cells into plasma cells (49) . Any perturbation that leads to the accumulation of unfolded or misfolded proteins in the endoplasmic reticulum (ER) initiates the removal of a 26-nucleotide intron from the XBP-1 mRNA by the ER transmembrane protein endoribonuclease inositol-requiring enzyme 1␣ (IRE1␣) (22) . This results in a transcriptional frameshift that generates the active XBP-1, which upregulates UPR genes to enhance protein folding capacity of cells. UPR activation during antibody production has been proposed to provide a link between plasma cell differentiation (23, 24) and gammaherpesviral reactivation (18, 21) . Overexpression of spliced XBP-1, or its artificial induction with dithiothreitol (DTT), leads to reactivation of KSHV in PEL cells in vitro (18) (19) (20) (21) .
In the case of EBV-infected B cells, reactivation of the lytic cycle can be triggered by activating the B cell antigen receptor (BCR) by cross-linking surface immunoglobulins on the B cell surface with anti-Ig antibodies (25, 26) . This, together with the involvement of plasma cell differentiation-associated cellular factors such as XBP-1, has led to the notion that triggering of the BCR on the surface of latently infected memory B cells and the ensuing plasma cell differentiation could provide the physiological stimulus for the reactivation of EBV in latently infected memory B cells (27) (28) (29) (30) . Evidence for the reactivation of murine herpesvirus 68 (MHV68) in B cells following triggering of the BCR also exists (31) . Reactivation of EBV in B cells as a result of triggering the BCR involves the phosphatidylinositol 3-kinase (PI3K) pathway (28) , which is also known to interact with the spliced form of XBP-1 (32, 33) . Whether contact with antigen also plays a role in the reactivation of KSHV in latently infected B cells has so far not been addressed, since PEL cells lack the B cell immunoglobulin receptor on their surface (34) (35) (36) (37) (38) .
In this study, we therefore wanted to develop an experimental system in which to study a possible role of the BCR in KSHV reactivation from latency. We established stable latent KSHV infection in an immortalized B cell line (BJAB) using a recombinant KSHV and either cell-free or cell-associated infection. Characterization of these stably infected B cell lines, named BrK.219, revealed an expression pattern of viral proteins similar to that of PEL cell lines. These cells express surface IgM and treating them with antibodies against human IgM led to a reactivation of the lytic cycle, resulting in the release of significant titers of infectious progeny. Inhibition of PI3K and XBP-1 splicing with chemical inhibitors decreased the expression of viral lytic proteins and infectious progeny production after anti-IgM treatment.
Our findings indicate that, as for EBV, the contact of latently KSHV-infected B cells with their cognate antigen might provide a trigger for viral reactivation.
MATERIALS AND METHODS
Cell culture and reagents. HEK 293 cells and TE671 were cultured in Dulbecco's modified Eagle medium (Gibco) supplemented with 10% heat-inactivated fetal calf serum (FCS; HyClone). Vero cells were grown in minimum essential medium (Cytogen) containing 10% FCS. The recombinant rKSHV.219 carries a constitutively expressed green fluorescent protein (GFP), a red fluorescent protein (RFP) under the control of the lytic PAN promoter, and a puromycin resistance gene (39) . Vero cells stably infected with rKSHV.219 (referred to as Vero rKSHV.219) (39) were grown in the presence of 5 g of puromycin (Sigma)/ml. A KSHVand EBV-negative BJAB cell line (40) , KSHV-positive and EBV-negative PEL cell lines (BC-3 and BCBL-1) (16, 41) , and the KSHV-and EBVdouble positive PEL cell line BC-1 (42) were maintained in RPMI 1640 medium (Gibco) containing 10% FCS without antibiotics. BJAB cell lines stably infected with recombinant KSHV (39) (referred to as BrK.219) were additionally treated with 4.2 g of puromycin/ml. All cell lines were kept in a humidified incubator at 37°C and 5% CO 2 and were routinely monitored for contamination with mycoplasma using a VenorGEM-Mycoplasma detection kit (Minerva-Biolabs) according to the manufacturer's guidelines.
Preparation of concentrated rKSHV.219 virus stocks in Vero cells. Preparation of recombinant virus was performed as described previously (39) . Briefly, rKSHV.219 production was induced in Vero rKSHV.219 by recombinant baculovirus expressing KSHV RTA (ORF50; replication and transcription activator) (39) and sodium butyrate (1.25 mM). After 3 days, infectious supernatants were harvested and centrifuged for 10 min at 4°C at 1,237 ϫ g, filtered (0.45-m pore size; Nalgene), and ultracentrifuged (L8-70 ultracentrifuge; Beckman) at 15,000 ϫ g at 4°C for 4 to 6 h using a Beckman type 19 rotor. The viral pellets were resuspended in medium. The concentrated virus stocks were analyzed by infectivity assay.
Generation of KSHV-infected B cells by cell-mediated and cell-free transmission of rKSHV.219 in vitro. For cell-mediated transmission, BJAB cells (40) were cocultured with Vero rKSHV.219 cells, and the lytic cycle of KSHV was induced by treatment with ectopically expressed baculoviral RTA (ORF50) (39) and sodium butyrate (1.25 mM). After 2 to 3 days, infected B cells were separated from the adherent cell lines by gently shaking the tissue culture plates and harvesting suspension cells. The lymphoblastoid cells were then resuspended in selection medium. For cellfree infection, BJAB cells were incubated with concentrated cell-free virus at a multiplicity of infection (MOI) from 1 to 10 in the presence of Polybrene (8 g/ml). The cells were then spinoculated at 450 ϫ g for 20 min at 32°C and incubated at 37°C for 2 to 3 days before the addition of puromycin. In both cases, the medium was changed twice a week. After 3 weeks, polyclonal BJAB cells latently infected with rKSHV.219 could be cultured and were designated as BrK.219 cells.
Infectivity assays. To determine the titers of infectious progeny in the supernatants of reactivated KSHV-positive cells, 2.3 ϫ 10 3 HEK 293 cells were seeded in each well of a 96-well plate. The next day, the cells were exposed to serial dilutions of infectious supernatants in a total volume of 100 l. Plates were incubated at room temperature for 20 min while rocking, centrifuged at 450 ϫ g for 20 min at 32°C, and incubated at 37°C for 3 days. GFP-expressing cells were counted, and the number of GFP-positive cells per ml of infectious supernatant was calculated and expressed in IU/ml. All samples were measured at least in duplicates. Error bars represent the standard deviations. For titration of infectious progeny in the supernatants of reactivated KSHV-positive cells derived from experiments with the IRE1␣-inhibitor IRE1i, TE671 cells (10 5 cells) were seeded into each well of a 12-well plate. The next day, the cells were mixed with culture supernatants, and the plates were centrifuged at 500 ϫ g for 1 h at room temperature, followed by 37°C incubation for 2 days. The number of GFP-expressing cells was determined by flow cytometry.
STR analysis. Cell line identification and control for contamination was accomplished by DNA analysis using forensic standards. DNA was extracted from cell sediments by an overnight proteinase K digestion in a Chelex in water (DNA-grade) suspension (10%) at 56°C. A total of nine short-tandem-repeat (STR) polymorphisms were analyzed using the AmpFLSTR Profiler (Applied Biosystems) multiplex PCR kit, including Amelogenin for gender determination. PCR was run on the MJ Research Thermocycler PTC-200 with the standard AmpFLSTR Profiler cycling conditions as proposed by the manufacturer. STR fragments were separated by capillary electrophoresis on an ABI Prism 310 genetic analyzer (Applied Biosystems) in POP-4 polymer; the data were processed with the ABI Prism 310 Genetic Analyzer Data Collection (v2.1) and GeneScan (v3.1) software. Allele calling was performed with the ABI Prism Genotyper (v2.5.2) software.
MTT cell viability assay. A total of 4 ϫ 10 4 cells were incubated with indicated inhibitors or control substances in each well of a 96-well plate. After 3 days of incubation the medium was removed, and 100 l of Opti-MEM I reduced serum medium (Invitrogen) with 0.8 mM MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich] was added to each well. After 1 h of incubation at 37°C in the dark, the MTT medium was removed, and the cells were resuspended in isopropanol (100 l/well). Finally, the absorbance of the dyed solutions was measured at an optical density at 550 nm (OD 550 ) and normalized to OD 620 . Each sample was tested at least in triplicates. Graphs display the average metabolism relative to the vehicle treated sample. Error bars represent the standard deviations.
CellTitreGlo cell viability assay. BrK.219 cells were treated with either dimethyl sulfoxide (DMSO), the IRE1␣-inhibitor IRE1i, anti-IgM plus DMSO, or anti-IgM plus IRE1i. All samples were measured for cell viability at 72 h posttreatment using the CellTiter-Glo assay (Promega) according to the manufacturer's instructions.
Kinase inhibitor assay. The toxicity of all inhibitors was tested by MTT or CellTitreGlo cell viability assay before use in BrK.219, and DMSO concentrations did not exceed 0.1%. For the PI3K experiment, 1 h prior to induction of the lytic cycle, 5 ϫ 10 5 BrK.219 cells in each well of a six-well plate were treated with the PI3K inhibitors LY294002 (Biomol) and PI-103 (Calbiochem) at the indicated concentrations, an equivalent amount of DMSO (Applichem) or not treated. For the protein kinase/endoribonuclease IRE1␣ experiment, 1.5 ϫ 10 6 BrK.219 cells in each well of a six-well plate were treated with the IRE1␣-specific inhibitor (IRE1i; Chembridge) at 25 M, an equivalent amount of DMSO or mock treated. The KSHV lytic cycle was induced by cross-linking of the BCR with antihuman IgM (-chain specific; 2.5 g/ml; Southern Biotech) for 3 days. Finally, supernatants and cells were collected and processed for further analysis by infectivity assay, immunoblotting, or reverse transcription-
PCR (RT-PCR).
Use of qPCR to analyze KSHV copy numbers per cell. To determine the KSHV copy numbers per cell, TaqMan real-time quantitative PCRs (qPCR) directed against the viral open reading frame (ORF) K6 of KSHV were performed as described previously (43) . A TaqMan qPCR for the cellular C-reactive protein (CRP) was used for normalization (44) . Briefly, genomic DNA was extracted using the DNA blood kit (Qiagen) according to the manufacturer's instructions and eluted in 50 l of elution buffer EB. A qPCR of KSHV was carried out in a total volume of 50 l containing a ready-to-use master mix (QuantiTect multiplex PCR kit; Qiagen), 0. For the detection of vIRF-3, the samples were lysed in 1% Triton, 500 mM NaCl, 2 mM EDTA, and 2 mM EGTA in phosphate-buffered saline (PBS), and protease inhibitors (1 mM PMSF), 50 M leupeptin, 100 U of aprotinin/ml, 200 M benzamidine, 1 M pepstatin A [in DMSO]). The cell lysates were briefly sonicated and subsequently cleared by centrifugation at 20,000 ϫ g at 4°C for 10 min. Proteins were separated by SDS-PAGE and electrophoretically transferred onto nitrocellulose membranes. Proteins were detected by the following primary antibodies: mouse anti-␤-actin (Chemicon), rabbit anti-phospho AKT (Ser473) (193H12) (Cell Signaling Technology), rabbit anti-AKT1 (Cell Signaling Technology), anti-LANA-1 (KSHV-ORF73 [LNA-1]; Advanced Biotechnologies, Inc.
[ABI]), rabbit anti-ORF50/RTA (45), mouse anti-KbZIP (Santa Cruz), mouse anti-K8.1 A/B (ABI), and rat anti-vIRF-3/K10.5 (46) .
Chromatin immunoprecipitation and ChIP-on-chip analysis. ChIP-on-chip analysis was essentially carried out as described previously (47) . Briefly, chromatin was prepared from KSHV-infected BrK.219 cells and subjected to immunoprecipitation with antibodies specific for histone H3 trimethylated at lysine 4, lysine 9, or lysine 27 or acetylated at lysine 9 and/or lysine 14 (H3K4-me3, H3K9-me3, H3K27-me3, and H3K9/14-ac [Upstate/Millipore]) or with a matched isotype control antibody (IgG). The immunoprecipitated material was hybridized together with differentially labeled input DNA from the same sample to a tiled high-resolution microarray covering the complete KSHV genome (NC_009333) and normalization controls (spike-in DNA). For each sample, enrichment was calculated as the fold normalized probe fluorescence in the precipitated versus the input channels. Probes were matched to a sliding 250-bp window, shifted along the KSHV genome in 100-bp increments, and averaged values of matching probes were plotted against the window's center position. We confirmed the array data by performing quantitative real-time PCR from the immunoprecipitated material using primers specific for several loci across the genome (data not shown).
Lentiviral vector preparation and transduction. The "control" lentiviral vector (IRES-GFP alone) and the "active XBP-1" lentiviral vector (encoding XBP-1 IRES-GFP) were generated as described previously (20) . Both lentiviral vectors were titrated on HEK 293T cells by flow cytometry to determine the number of GFP-expressing cells. BJAB cells were also transduced with both lentiviral vectors and analyzed by fluorescence-activated cell sorting (FACS) to ensure comparable infection levels. BrK.219 cells (2 ϫ 10 5 cells) were then transduced with either the "control" or the "active XBP-1" vectors at an input equivalent to an MOI of 1 on HEK 293T cells.
RNA extraction and RT-PCR. Total RNA was purified and reverse transcribed as previously described (69) with modification. Briefly, RNA was extracted from 2 ϫ 10 6 BrK.219 cells with RNAzol (Sigma), followed by lithium precipitation. The splicing of XBP-1 mRNA was analyzed by PstI restriction as described previously (20) . For the detection of the KSHV late gene ORF29, serial dilution (3 ϫ 10-fold) of oligo(dT) (Qiagen)-primed cDNA was used for PCR amplification (Promega) using forward (5=-GCA CAC ACG TAA CTG ACC AC-3=) and reverse (5=-CAT TGG GTA CGT AGC CCA CC-3=) primers. All samples were normalized by PCR amplification of ␤ 2 -microglobulin (␤ 2 M) using serially diluted cDNA with forward (5=-TGA CTT TGT CAC AGC CCA AG-3=) and reverse (5=-TCT CTG CTC CCC ACC TCT AA-3=) primers. Both sets of primers amplify across splice junctions and the sizes of the expected products were as follows: ORF29 (cDNA, 399 bp; DNA, 3,650 bp) and ␤ 2 M (cDNA, 301 bp; DNA, 2,178 bp).
5=-RACE. Total RNA was extracted using an RNeasy minikit (Qiagen), and potential residual DNA was digested by using RNase-free DNase I (Ambion) according to the manufacturer's instructions. The RNA concentration was quantified by using a NanoDrop ND-1000 UV/Vis-Spectrophotometer (Peqlab). For the reverse transcription of the total RNA and the subsequent PCR of 5= ends, the SMARTer RACE kit (Clontech) was used according to the manufacturer's guidelines. MasterAmp Taq DNA polymerase (Epicentre) was used for the RACE (rapid amplification of cDNA ends) PCR with the gene-specific primer 5-RACE 286 (5=-TCG TAC TCT TCA CCT GGC AA-3=) under the following conditions: 10 cycles at 94°C for 30 s, 68°C for 30 s and 72°C for 180 s, 40 cycles at 94°C for 30 s, 64°C for 30 s, and 72°C for 180 s, and subsequently, 1 cycle at 72°C for 600 s. Each sample was subjected to agarose gel electrophoresis in low-melting-point agarose and ethidium bromide staining. Fragments were excised and extracted using the QIAquick gel extraction kit (Qiagen) according to the manufacturer's instructions. Recovered DNA fragments were cloned into a pGEM-T Easy Vector system (Promega), and plasmid DNA was prepared. Sequences were obtained for several clones of each fragment with M13 for primer (5=-CGC CAG GGT TTT CCC AGT CAC GAC-3=) using an ABI Prism 310 genetic analyzer.
Immunofluorescence assay. Suspension cells were washed twice with PBS and resuspended in a low volume of PBS. Then, 2 l of the cell suspension was plated onto SuperFrost Plus (Fisher Scientific) slides. Samples were dried, encircled with a PAP pen (G. Kisker), fixed with 3% paraformaldehyde for 10 min at room temperature, quenched immediately with 50 mM ammonium chloride solution (NH 4 Cl 4 ) for 10 min at room temperature, and washed three times with PBS for 10 min each time. After blocking with 10% FCS and 1% bovine serum albumin in PBS, the samples were stained with a mouse monoclonal antibody specific for LANA-1 (NCL-HHV8-LNA [Novocastra], 1:100) and a Cy5-conjugated anti-mouse antibody (Jackson ImmunoResearch) as the secondary antibody (1:200).
RESULTS

Epigenetic patterns of latent KSHV in infected BJAB cells.
We infected the KSHV-and EBV-negative lymphoblastoid cell line BJAB with a recombinant KSHV, rKSHV.219 (39) , by either cellto-cell transmission (data not shown) or with cell-free virus (Fig.  1) , with the intention of establishing a surface IgM expressing B cell line that would be stably infected with KSHV. The recombinant rKSHV.219 contains a puromycin resistance gene, a constitutively expressed GFP, and an RFP under the control of the lytic PAN promoter (39) . Infection of BJAB cells with rKSHV.219 virus at an MOI of 1 to 15 in the presence of Polybrene and subsequent 3-week puromycin selection resulted in the establishment of KSHV-and GFP-positive cultures, here referred to as BrK.219 cell lines. Immunofluorescence staining for LANA (LANA-1 [latencyassociated nuclear antigen 1]) in these cells showed the typical speckled nuclear pattern seen in KSHV-infected cells (Fig. 1A) . Expression of LANA could also be detected by Western blotting (Fig. 1B, Fig. 3A and C, Fig. 4A and B, and Fig. 6B ). We used STR analysis to confirm that the KSHV-infected cell lines generated in this manner were indeed of BJAB origin (Fig. 1C) .
Unlike PEL cell lines, which remain KSHV-positive during continued passaging, BrK.219 cells showed a rapid decline of KSHV episome number in the absence of puromycin selection (Fig. 1D) . The episomal loss was also reflected in a loss of GFP expression and was not due to lytic replication, since no increase of RFP expression was observed (data not shown). Therefore, we were able to infect BJAB cells stably with recombinant KSHV, but this required continuous antibiotic selection.
It has been suggested that the stable persistence of EBV (48), as well as of KSHV (49), in newly infected cells may be linked to (so-far-unidentified) epigenetic modifications of the viral genome. Minor differences in the histone modification patterns of PEL cell lines and de novo-infected endothelial cells have been reported before (47) . We therefore compared the histone modification pattern of BrK.219 cells with patterns previously reported for a PEL cell line, BCBL-1 (Fig. 2) . ChIP-on-chip analysis of histone modification patterns revealed global H3K4-me3, H3K9/ K14-ac, and H3K27-me3 profiles that are highly similar (Pearson correlation coefficients of 0.67, 0.49, and 0.65, respectively) to those seen in PEL cell lines (47) . In contrast, although a few genomic regions exhibit H3K9 trimethylation (H3K9met) in PEL cells, this constitutive heterochromatin mark is largely absent Regions highlighted in gray indicate the position of the ORF50/Rta and the ORF73/LANA promoters, both of which carry activating H3K4-me3 and H3K9/14-ac marks. In addition, an H3K19/14-ac peak, located upstream of the vIRF-3 coding region and marked by arrows, is more prominent in BCBL-1 compared to BrK.219 cells, which may reflect the lower basal expression levels of vIRF-3 during latency in BrK.219 cells. The ORF50 promoter additionally acquires repressive H3K27-me3 marks and thus exhibits the hallmarks of bivalent chromatin, which is transcriptionally silent, but "poised" for reactivation (47) . from BrK.219 cells, as already previously reported for de novoinfected endothelial cells (Fig. 2) 
(47).
Latent KSHV reactivates upon cross-linking of the BCR. Bcell receptor (BCR)-initiated signaling pathways regulate the development, activation and differentiation of B cells. In vivo, crosslinking of the BCR is induced by specific antigens and leads to differentiation of B cells into memory B cells or antibody-secreting plasma cells (50) (51) (52) . This BCR-mediated plasma cell differentiation has been suggested to induce the reactivation of EBV and MHV68 in memory B cells (18, (53) (54) (55) . In B cells latently infected with EBV reactivation was inducible in vitro by cross-linking of the BCR with antibodies to surface immunoglobulins (25, 26) . Since PEL cell lines are derived from pre-plasma cells and therefore do not express the BCR, it has thus far not been possible to investigate the reactivation of KSHV in B cells as a result of BCR engagement (34) (35) (36) (37) (38) . We investigated this question by treatment of the BrK.219 cells with soluble anti-IgM antibodies. We observed that treatment with anti-IgM antibodies induced the expression of viral lytic proteins (e.g., immediate-early RTA, early KbZIP, and late K8.1) (Fig. 3A) and virus production (Fig. 3B ). This effect was specific for anti-IgM since treatment with antibodies to IgG did not induce the KSHV lytic cycle in the BrK.219 cells (Fig. 3A and B) . F(ab=) 2 fragments of anti-IgM antibodies were as effective as complete anti-IgM antibodies (Fig. 3C and D) , indicating that an interaction of anti-immunoglobulin antibodies with Fc receptors does not contribute to the activation of the lytic cycle. Both the amount of lytic viral proteins and the number of infectious viral particles increased with increasing anti-IgM concentration in the culture and reached maximum levels at antibody concentrations between 1 and 2.5 g/ml (Fig. 3B and D) . All further experiments on BCR-mediated KSHV reactivation were carried out with the anti-IgM antibody at a concentration of 2.5 g/ ml. Thus, BCR-mediated B cell activation leads to the reactivation of recombinant KSHV.219 in our BrK.219 cell lines.
We systematically screened ϳ50 BrK.219 cell lines, generated by cell-free infection as described above, for their potential to reactivate lytic KSHV replication upon stimulation with anti-IgM. Of these, 12 produced substantial infectious titers in excess of 2 ϫ 10 5 IU of reactivated KSHV/ml in response to treatment with anti-IgM antibody, as assessed by an infectivity assay on HEK 293 cells (data not shown). All of the following experiments were performed with BrK.219 cell lines, in which KSHV reactivation with anti-surface immunoglobulin antibodies lead to production of more than 2 ϫ 10 5 IU/ml. Efficiency of lytic cycle reactivation by anti-IgM antibodies and other stimuli. Several chemicals, including the phorbol ester TPA, sodium butyrate, and valproate, are known to reactivate KSHV from latency in PEL cell lines (16, 56) . Therefore, we com- pared how efficiently antibodies to surface IgM and these chemicals activate KSHV lytic replication in BrK.219 and PEL cell lines. As shown in Fig. 4A , TPA, sodium butyrate, and valproic acid can induce the viral lytic replication cycle in BrK.219 cells. As assessed by Western blotting for the lytic glycoprotein K8.1, anti-IgM and TPA were the strongest inducers of the lytic cycle in BrK.219 (Fig.  4A) . Although the three chemical compounds induced viral reactivation in both PEL cell lines and BrK.219 ( Fig. 4B and C, Fig. 5B [bottom panel], and data not shown), anti-IgM antibody reactivates lytic viral protein expression only in BrK.219 cells, which express the BCR on their surfaces, but not in BCR-negative PEL cell lines (Fig. 4B and C and Fig. 5B ). Cell-free virions derived from infected BJAB cells were not only able to infect HEK 293 cells, as demonstrated in infectivity assays (Fig. 3B and D) , but could also infect BJAB cells, as well as other cell lines, including primary human umbilical vein endothelial cells, BCP-1, HuAR2T, Vero, and HeLa cells (data not shown).
Expression pattern of vIRF-3 in BrK.219 cells. KSHV encodes four proteins with homology to the family of interferon regulatory factors (IRFs) (Fig. 5A) . Expression of viral IRF-3 (vIRF-3, K10.5, or LANA-2) is restricted to KSHV-infected lymphoblastoid cells (57) and was shown to be essential for the survival of PEL cell lines (46) . vIRF-3 is classified as a latent gene in PEL cells (57) since it is not induced during lytic reactivation (46) . We also detected vIRF-3 expression in BrK.219 cells (Fig. 5B) . However, in BrK.219 cells, in contrast to PEL cell lines, vIRF-3 protein levels increased upon reactivation of KSHV, suggesting an inducible gene expression pattern (Fig. 5B) . In accord with the observation of lower basal vIRF-3 expression levels in latently infected cells, we found that a prominent histone acetylation (H3K9/K14ac) peak located ϳ500 bp upstream of the vIRF-3 coding region in PEL cells was markedly reduced in noninduced BrK.219 compared to BCBL-1 cells (see the region marked with an arrow in Fig. 2) .
In PEL cell lines, the latently expressed vIRF-3 transcript has variable 5= ends, thought to result from a promoter that lacks a TATA box (58) . Since all other KSHV IRFs (vIRF-1, vIRF-2, and vIRF-4) are classified as lytic genes with a well-defined transcriptional start site, we investigated whether the inducible vIRF-3 gene expression pattern in BrK.219 cells resulted from the use of an alternative transcriptional start site. We carried out a 5=-RACE experiment on vIRF-3 transcripts from BrK.219 cells reactivated with anti-IgM antibody (Fig. 5B and C) . In contrast to PEL cell lines, which yielded a single broad band in 5=-RACE (only the result for BC-3 is shown in Fig. 5C ), an additional slower-migrating band was detectable in the BrK.219 cell line. Sequencing of both bands revealed that the additional RACE product observed in anti-IgM-treated BrK.219 cells corresponds to multiple start sites located up to 150 bp upstream of the transcript variant predominating in BC-3 PEL cells (Fig. 5D) . The results indicate the presence of additional transcript variants of vIRF-3 in anti-IgMtreated BrK.219 cells compared to latently infected PEL cells (BC-3) and mock-treated BrK.219 cells (Fig. 5C and D) .
BCR-dependent reactivation of latent KSHV is mediated by PI3K. The possibility to reactivate latent KSHV by cross-linking of the BCR enabled us to investigate intracellular signaling cascades involved in this reactivation. Since PI3K has been reported to mediate the reactivation of EBV following BCR cross-linking (27, 28) , we blocked PI3K activity using the small molecule inhibitor LY294002 prior to activating KSHV by anti-IgM stimulation (Fig.  6 ). LY294002 inhibited both the production of infectious KSHV (Fig. 6A ) and the increased expression of immediate-early (RTA), early (KbZIP), and late (gpK8.1) viral proteins (Fig. 6B, left panel) induced by triggering BrK.219 cells with anti-IgM. Although the expression of LANA decreased in reactivated cells treated with LY294002 (Fig. 6B, left panel) , this decrease was not observed in latently infected cells (Fig. 6B, right panel) and therefore not due to LY294002-induced toxicity. To exclude toxic effects, we also assessed the effects of LY294002 in a MTT cell viability assay (Fig.  6D ) and found it to be nontoxic at concentrations of Յ5 M. At a concentration of 5 M, LY294002 effectively inhibited the phosphorylation of AKT, a target of PI3K (data not shown).
To confirm the involvement of PI3K in the BCR-mediated reactivation of KSHV in B cells, we used a second PI3K inhibitor, PI-103. PI-103 also inhibited KSHV reactivation in BrK.219 cells triggered by anti-IgM at nontoxic concentrations ( Fig. 6C and D) . In contrast, the reactivation of KSHV by TPA, a strong unspecific inducer of several signaling pathways, was not affected by PI-103 (Fig. 6C) . Together, these results suggest that BCR-mediated reactivation of KSHV in BrK.219 cells involves the PI3K pathway.
KSHV reactivation from latency following BCR activation also requires active XBP-1. Terminal differentiation of B lymphocytes is triggered by the activation of BCR. The cross-linking of BCR on the surface of BrK.219 cells with anti-IgM antibodies induces the signaling cascade leading to the differentiation into plasma cells, which is dependent on the transcription factor XBP-1 (24) . We and others have identified XBP-1 as an authentic cellular lytic switch for KSHV in PEL (20, 55) . To establish whether XBP-1 can reactivate KSHV in BrK.219, we transduced BrK.219 cells with lentiviral vectors expressing either GFP or the active form of XBP-1 and observed a large fraction of cells expressing RFP in the latter population (Fig. 7A) , indicating the ectopic expression of XBP-1 is sufficient to induce the lytic cycle in BrK.219 cells. To determine whether induction of KSHV lytic replication by BCR cross-linking operated through the activation of XBP-1, we validated the inhibition of XBP-1 splicing in BrK.219 cells (Fig. 7B) by an IRE1␣-specific inhibitor (IRE1i) (59) , and we demonstrated reduced levels of KSHV RTA protein induction (Fig. 7C) and KSHV ORF29 transcription (Fig. 7D) in BrK.219 cells in the presence of IRE1i following anti-IgM treatment. In contrast, IRE1i had a negligible effect on both RTA expression and ORF29 transcription in BrK.219 cells activated by TPA (data not shown), indicating that IRE1i did not exert a general inhibitory effect on KSHV reactivation. The inhibition of the anti-IgM mediated KSHV reactivation by IRE1i also translated into a significant reduction in virion production (Fig. 7E) . Since the inhibitor IRE1i was present in the culture supernatant used for KSHV titration, it is possible that the observed reduction in KSHV titer is mediated by an unknown antiviral effect of IRE1i, thereby blocking KSHV infection of TE671 cells (used for titration). To rule out such a possibility, we mixed IRE1i with the supernatant obtained 3 days after anti-IgM treatment and showed almost identical infection levels compared to the DMSO control (Fig. 7F) . In addition, BrK.219 cells treated with IRE1i in combination with anti-IgM exhibited higher levels of cell viability compared to the anti-IgM plus DMSO control (Fig. 7G) , indicating that the observed reduction in KSHV titer in the presence of IRE1i is not due to cytotoxicity. Taken together, the data suggest that BCR activation triggers XBP-1 splicing, which in turn contributes to the induction of KSHV reactivation in BrK.219 cells. cross-linking of the B cell receptor (BCR) with anti-immunoglobulins (25, 26, 31) .
DISCUSSION
De novo KSHV infection occurs in CD19-positive B cells (60) , especially in IgM() B cells (61) . The commonly used model system for KSHV latency, the PEL cells, are (post)germinal center (GC)-derived B cells, displaying only a few markers of B cell differentiation (62, 63) . They lack the BCR on their surface but typically express the postgerminal center B cell marker CD138 (syndecan-1), suggesting that they are in a pre-plasma cell-like stage (34) (35) (36) (37) (38) . In contrast, the human germinal center-like BJAB lymphoma cells (64) , used to establish our system, are mature B cells with the expression of IgM (65) and CD19 on their surface. Consequently, KSHV-infected BJAB cells might serve as a model to investigate KSHV effects in mature B cells that respond to triggering of their surface IgM receptor by cognate antigen. Here, we show for the first time that BCR activation also triggers KSHV reactivation and that this involves a PI3K-dependent signaling pathway and the active XBP-1.
Most of the research conducted on KSHV reactivation in B cells has thus far been carried out in cell lines established from PEL samples. These lines are stably infected with KSHV, and the viral lytic replication cycle can be induced with chemical compounds such as TPA, sodium butyrate, and valproate and/or the overexpression of the viral lytic cycle activator RTA (16, 56, 66, 67) . However, owing to their pre-plasma cell differentiation stage (34) (35) (36) (37) (38) and consequent absence of surface IgM, the role of the BCR cannot be studied in PEL cells.
We therefore generated BJAB cell lines stably infected with recombinant KSHV.219 using either a cell-free infection protocol (see Materials and Methods) or cell-cell transmission (data not shown). The KSHV genome copy number in the derived BrK.219 cell lines is comparable to PEL cell lines (Fig. 4C) , but the stable persistence of viral episomes requires continuous selection with puromycin (Fig. 1D) . This resembles what has been observed with other cell lines that were experimentally infected with KSHV. It has been suggested that epigenetic modifications of the latent viral genome may be responsible for successful persistence in the absence of a selection marker (49) , but the nature of such modifications is still unknown. Similar to de novo-infected endothelial cells (47) , KSHV episomes in latently infected BrK.219 cells adopt epigenetic profiles that are akin to those observed in PEL lines. Notably, activation-associated histone modifications are not simply excluded from lytic gene regions during latency. Rather, latent episomes acquire abundant H3K27-me3, a facultative heterochromatin mark that mediates transcriptional repression by polycomb group (PcG) proteins. A number of loci, including the ORF50/Rta promoter, become bivalently modified (i.e., they carry both activating H3K4-me3 and repressive H3K27-me3 marks) and hence are repressed but remain "poised" for rapid reactivation. Interestingly, although a few regions exhibit H3K9 trimethylation (H3K9-me3) in PEL cells, this constitutive heterochromatin mark is largely absent from de novo-infected BrK.219 and endothelial cells (Fig. 2) (47) . These data suggest that H3K9-me3 is not acquired during primary latency establishment or within the first few weeks of a de novo infection but rather may progressively replace H3K27-me3 during long-term latent infection at a select number of loci, potentially leading to further stabilization of viral latency.
Treatment of BrK.219 cells with anti-IgM, but not anti-IgG results in a strong reactivation of KSHV, as demonstrated by the expression of immediate-early (RTA), early (KbZIP), or late (gpK8.1) viral proteins and the production of significant titers of infectious KSHV (Fig. 3 and 4) . The amount of infectious progeny produced after stimulation with anti-IgM ranges from 2 ϫ 10 5 to 10 6 IU/ml in 12 of ϳ50 independently established KSHV-infected B cell lines (data not shown). Reactivation of BrK.219 cells is twice or even three times more efficient than reactivation of the PEL cell lines BC-1 and BC-3, measured by the KSHV copy numbers per cell (data not shown) and by the expression of viral lytic proteins (Fig. 5B, lower panel) . However, reactivation of our most potent KSHV production cell line, Vero rKSHV.219, yielded KSHV copy numbers per cell that were up to 15 to 20 times those found in reactivated BrK.219 (data not shown). When examining the expression of viral proteins in BrK.219 cell lines, we noticed that vIRF-3/K10.5/LANA-2, a constitutively expressed latent protein in PEL cells (57, 68) , is more strongly expressed after activation of the lytic replication cycle in BrK.219 cells. This is accompanied by the expression of a vIRF-3/K10.5 transcript with an extended 5=-untranslated region (Fig. 5) . Similar to the latent vIRF-3 transcript in PEL cells, where expression is controlled by a promoter lacking a TATA box and does not initiate at a single, well-defined transcriptional start site (58), the "lytic" vIRF-3/K10.5 transcript has multiple start sites located ϳ100 bp upstream of the start sites most commonly used by the latent transcript in PEL cells (Fig.  5D) . The inducible gene expression pattern in BrK.219 cells is accompanied by a reduced H3K9/K14 acetylation upstream of the vIRF-3 gene (Fig. 2) . Since all other KSHV vIRFs show increased expression after activation of the lytic replication cycle (68) (69) (70) (71) (72) , and since vIRF-3 expression has been shown to be crucial for the survival of PEL cells (46), we speculate that the "default" expression pattern of vIRF-3 in B cells may be similar to BrK.219 cells (i.e., may be inducible) but that its expression has been fixed in a constitutive manner in PEL cells by increased H3K9/K14 acetylation to allow their survival and expansion as a monoclonal B cell population. In this, the constitutive expression of vIRF-3 in PEL cells would resemble the EBV latent W p promoter-driven expression of the lytic viral bcl-2 homologue, BHRF1, which has been shown to result from alternative splicing and contribute to the survival of Burkitt's lymphoma cells (73) .
It is well established that BCR stimulation/B cell activation leads to plasma cell differentiation. Several studies on both EBV and KSHV focused on cellular proteins involved in plasma cell differentiation to understand their role in both inhibition and initiation of viral reactivation (74) . A recent report showed that EBV latent membrane protein 1 (LMP-1) downregulates the Blymphocyte-induced maturation protein 1 (BLIMP-1) expression in germinal center (GC) B cells and thereby inhibits their differentiation into plasma cells and subsequently the reactivation of EBV (75) . In the case of MHV68, it was shown that the viral protein M2 can directly induce the expression of cellular proteins for plasma cell differentiation and thus viral reactivation (54) . In vivo BCR-mediated initiation of plasma cell differentiation depends on IRE-1 and XBP-1, both of which are important mediators of BCR signaling (23, 24) . Ectopic expression of the active XBP-1 has previously been demonstrated to promote KSHV reactivation in PEL cell lines (20, 55) .
Consistent with these reports, we show that XBP-1 is also required for the reactivation of KSHV in BCR-positive B cells following BCR stimulation. It is possible that PI3K and XBP-1 act in a common pathway, since recent publications demonstrate an interaction of the regulatory PI3K subunits with the active XBP-1 (32, 33) . This promotes the unfolded protein response (32, 33) , leading to the initiation of plasma cell differentiation in primary B cells and, in the case of BrK.219 cells, lytic replication of KSHV.
Based on these findings, we established an infection model system that allows investigation of the entire process of KSHV reactivation starting from BCR cross-linking, continuing through signaling cascades involving partners such as PI3K and XBP-1, and going all the way to infectious virion production. 
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